Introduction 26
Human activities have always affected the environment but with the industrial revolution, this has 27 been accentuated and in contrast to early human activity, the problem reaches far beyond our local 28 environment. Despite efforts to develop technology that will minimize pollution, there is still a need 29 for treatment of already polluted water, soils, and sediments. 30
Sediments may contain complex mixtures of organic contaminants and/or heavy metals as pollution 31
originates from different sources, e.g. shipping, shipyards, discharge of sewage, spills and from land-32 based activities. Depending on the nature of contamination and the location, it is sometimes 33 possible to immobilize contaminants by capping. However, if sediments result from dredging, ex situ 34 treatment will be necessary and to this end deep-sea dumping, aquatic containment and dumping at 35 landfills have been employed. By treatment of sediments it is possible to minimize the amount of 36 polluted material needing to be deposited (e.g. by removing courser, less contaminated fractions) or 37 even to be able to reuse the sediments for other purposes (e.g. as construction material). The 38 selection of the most appropriate technology for the remediation of sediments/soils thus depends 39 on site-specific conditions, types of pollutants, pollutant concentrations and the end use of the 40 treated sediment (Rulkens et al., 1998; Mulligan et al., 2001) . 41
Organic pollutants are effectively destroyed by thermal remediation techniques but certain heavy 42 metals (Hg, As and Cd) may be volatilized in the process and others (Mo and V) may become more 43 leachable due to oxidation (Rulkens, 2005) . energy consumption (Sun and Ottosen, 2012) . Electrodialysis is based on the principles of 55 electrokinetic remediation and relies on an electric field of low current being applied to the polluted 56 material. Ion-exchange membranes are employed to control the transport of ions to and from the 57 polluted material. In this way acidification of the contaminated material causing mobilization of 58 metals bound in the sediment is ensured by either water splitting at the anion exchange membrane 59 or by direct introduction if protons produced at the anode. 60
The need for developing tools for selecting the most appropriate remediation technology and 61
identifying the optimal site-specific remediation conditions is apparent. For this, different statistical 62 tools may prove valuable and in a recent report the use of factorial design in optimizing the 63 remediation of uranium polluted soils was reported (Radu et al., 2015) . Another method is 64 projections onto latent structures (PLS) which has been extensively used in chemical synthesis 65 (Carlson and Carlson, 2005a) and also in studies of the influence of soil properties on PAH oxidation 66 (Jonsson et al., 2007) settings, sediment characteristics) in an X-matrix and the responses (e.g. removal of contaminants, 71 energy consumption) in a Y-matrix, the correlation may be calculated and optimal experimental 72 settings, within the experimental domain studied, may be identified. In contrast to regression 73 methods, PLS is based on projections, making it a robust method that tolerates missing data. 74
The focus of this study was demonstrating the applicability of PLS to a sediment-specific remediation 75 strategy for harbour sediment, exemplified by electrodialytic remediation. PLS was employed to 76 determine optimal experimental settings in regard to the remediation objectives and was also used 77
to evaluate energy consumption in the different parts of the experimental domain. 78 2 Methods and materials 79
Sediment analyses 80
The sediment from Hammerfest harbour (40.17 o N, 41.32 o E), located in Norway, used in this study, 81
has previously been found to contain levels of Cu and Pb above background levels according to the 82
Norwegian sediment quality criteria (Pedersen et al., 2015a) . 83
The sediment was from the top 10 cm of the seabed using a Van Veen grab in Hammerfest harbour, 84
Norway. The samples were kept cool during transport and stored in a freezer (-18 followed by evaporation of liquid at 85 o C, subsequently the cooled solid fraction was extracted with 111 ammonium acetate (1M, 25mL, pH2) for 16h; and fourthly digestion on the remaining solid particles 112 was made, following the description above. with a stirrer consisting of plastic flaps (4cm x 0.5cm) fastened to a glass rod. 139
After the EDR experiments the sediment suspensions were filtered and the heavy metal 140 concentration in both the suspension liquid and solids were measured. The stirrer, membranes and 141 electrodes were rinsed in HNO3 (5M) overnight and the heavy metal concentrations in the rinsing 142 liquids as well as with the electrolyte liquids were measured by ICP-OES. 143
Remediation objectives 144
The remediation objectives were related to achieving background concentrations of the two 145 targeted heavy metals, Cu and Pb as well as limiting the removal of naturally occurring metals. 65% of the total metal content was found in these fractions (<63µm). 221 
222
The concentrations of heavy metals of environmental concern are compared to the sediment quality 223 criteria of the Norwegian Environment Agency as well as OSPAR (ratified by Norway) in table 2.  224 OSPAR operates with two sets of criteria for background levels; background concentrations (BC) and 225 background assessment concentrations (BAC). The latter are based on statistical calculations in 226 which there is a 90% probability that the observed mean concentration will be below the BAC when 227 the true mean concentration is equivalent to BC (OSPAR, 2009). The Norwegian sediment criteria for 228 background levels (class 1) are based on similar calculations; the assessments of levels that pose low 229 risks of adverse biological effects are based on national conditions (SFT, 2007). Cu and Pb exceed the 230 BAC and Norwegian class 1 levels and are hence the targeted heavy metals in this study. The other 231 analysed heavy metals As, Cd, Cr, Ni and Zn have concentrations well below the sediment quality 232 criteria and are equivalent to naturally occurring levels. 233
A previous study revealed a correlation between the concentrations of Al, Fe, K, Mg, Mn, Cr and Ni 234 bound in the residual fraction of the sediment indicating similar binding of these elements in the 235 stable minerals of the sediment (Pedersen et al., 2015a) . Cu, Pb and Zn were found to have different 236 binding patterns and this was in part attributed to anthropogenic sources rather than natural 237
occurrence. This study supported this observation in that Al, Fe, K, Mg, Mn, Cr and Ni were mainly 238 bound in the residual and to a lesser degree the exchangeable fractions in the sediment (table 2),  239 while Cu was mostly bound in the exchangeable and oxidisable fractions; Pb in the exchangeable 240 fraction and Zn in the exchangeable and reducible fractions. 241
Preliminary assessment of EDR experiments 242
During EDR, removal from all fractions of the sediment has been reported in a previous study, 243
initially relatively higher removal from the exchangeable, reducible and oxidisable fractions 244 (Kirkelund et al., 2010) . Comparing the removal of metals during EDR with the amounts bound in the 245 different fractions of the sediment can hence provide foundation for assessing the approximate 246 disturbance to the sediment, albeit not providing indications of possible accelerated weathering of 247 the sediment during the EDR process. 248 was similar for both cell types (table 2) . 257
In the following multivariate analysis is applied to explore the experimental domain of both the 2-258 compartment and 3-compartment cell designs and ultimately determine optimal settings for the 259 studied sediment, depending on the most appropriate design in relation to the remediation 260 objectives identified in the next section. 261
Determining optimal experimental settings 262

Remediation objectives 263
The remediation objectives in this study were to achieve final concentrations of the targeted metals, 264
Cu and Pb equivalent to background concentrations as determined by the Norwegian sediment 265 quality criteria (table 2) , while maintaining removal of Al, Fe, K, Mg, Mn, Cr and Ni below amounts 266 bound in the exchangeable fractions (table 2) . In addition, a low energy consumption objective was 267 set so that the contribution of electricity for the EDR process to the total cost was low, €20/m 3 dry 268 sediment (see section 2.1 for details). 269
Preliminary assessment of experimental domain 270
A previous study showed that the EDR process in the two cell designs applied in this study differ 271 from in each other with respect to acidification and metal mobilisation and should be modelled 272 separately as they constitute entirely different experimental approaches. The first designs were 273 based on obtaining overviews of the total studied experimental domain and the PLS models were 274 calculated based on 3-4 experiments for each cell design (design 1.1 and 2.1 in table 1) treatment on land has a more than twenty-fold estimated cost in Norway. 328
Model predictability 329
In order to evaluate the predictability of the calculated PLS models, a comparison of model predicted 330
final concentrations and observed final concentrations of metals in experiments 13-18 (not 331 previously included in the PLS models). A previous study illustrated that PLS models that included 332 several sediments might be applied for predicting starting points of remediation tests for new 333 sediments (Pedersen et al., 2015c) . In this study the PLS models only included one sediment and the 334 predictions of final concentrations are more accurate. Figure 3 illustrates the trends of the metals Al, 335
Cu and Pb -Al was chosen as a representative of the naturally occurring metals due to the potential 336 toxic effects upon mobilisation. 337
The largest deviation between the model predictions and measured concentrations are found in 338 experiments 14 and 17 and is not surprising when considering that they were conducted in one of 339 the outer points of the experimental domain (48h and 0.52mA/cm 2 ) for each of the cell designs. At 340 this point, the predictions of Al and Cu are within a deviation of 25%, which can be conceived as a 341 reasonable deviation when taking into account that the sediment is heterogeneous and that initial 342 metal concentration analysis standard deviations were up to 32%. The deviation between predicted 343
and observed final concentrations of Pb is however not within this deviation and may be due to 344 different binding patterns in the sediment resulting in larger deviations in the initial mobilisation As evidenced from the above experiments, PLS proves a more efficient method for the rapid 361 identification of remediation conditions than presented in other one-variable-at-a-time studies and 362 with comparable or better results (Akcil et al., 2015) . The results also provide a good foundation for 363 later scaling up ((Pedersen et al., 2015e). 364
Conclusions 365
Multivariate analysis as a decision tool was effectively applied for evaluating remediation strategies 366 for specific remediation technology (EDR) and sediment from the Arctic region of Norway in this 367 study. The calculated PLS models were able to deal with sediment-specific clean-up level goals for 368 the targeted pollutants as well as objectives specific to EDR, i.e. minimising removal of naturally 369 occurring metals and maintaining a low energy consumption (<0.1 kWh/kg treated sediment) 370 throughout the remediation. 371
The removal of the targeted heavy metals, Cu and Pb reached final concentrations equivalent to 372 background levels as defined by the Norwegian authorities in large parts of the experimental domain 373 for the two tested EDR cell designs. With the 2-compartment cell, higher removal rates of heavy 374 metals and minimised use of energy was achieved in shorter time, while disturbance to the sediment 375 matrix was lower in the 3-compartment cell. Optimising with regards to all parameters were 376 however possible in both cell designs for the specific sediment. In the 3-compartment cell the lowest 377 approximate electricity cost for meeting the remediation objectives was estimated to be 36NOK/m 3 378 dry sediment (€3.5), while being approximately 25NOK/m 3 dry sediment (€3.0) in the 2-379 compartment cell. 380
An evaluation of the model predictability showed good correspondence between model predicted 381
and observed final metal concentrations. Based on the results in this study, the use of multivariate 382 analysis is encouraged for other remediation studies, independent of method of choice. 383 384 Acknowledgements 385
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